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SUMMRY 

This report gives the results of an experimental de- 
termination of the temperature distribution in and the heat 
dissipation from a cylindrical finned surface for variov.s 
fin-plane/air- streaiu angles. A steel cylinder 4.5 inches 
in dianeter having slightly tapered fins of 0.30-inch pitch 
and 0.6-inch width v/as equipped with an electrical heating 
unit furnishing 13 to 248 B.t.u. per hour per square inch 
of inside wall area. Air at speeds from 30 to 150 miles 
per hour \ias directed at seven different angles from 0^ to 
90^ with respect to the fin planes. 

The tests show the hest angle for cooling at all air 
speeds to "be ahout 45^. With the same temperature for the 
two conditions and v/ith an air speed of 76 miles per hour, 
the heat input to the cylinder can he increased 50 per cent 
at 45^ fin-plane/air- stream angle over that at 0 . 



IITTEODUCTIOIT 



The large improvement that has been m.ade during the 
last few :-"ears in the cooling of air-cooled engines has 
been accomplished by changing the shape and arrangement of 
the cooling fins, by increasing the thickness of the con- 
biist ion-chamber walls, by using a metal of high therm.al 
conductivity, and by selecting the best location for the 
valves, spark plugs, and exhaust ports. (References 1 and 
2.) As far as known no work has been done to deter::ine the 
effect on the cylinder temperatures of directing the cool- 
ing air at different angles with respect to the fins. 

Cowlings affect the direction of flow of the cooling 
air and the cylinder t emperatur es ♦ The tests reported in 
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reference 3 shovred that the use of a .co^rling that enclosed 
35 per cent of the coolins area of the cylinder harrel re- 
sulted in satisfactory cooling, the cylinder-head temper- 
atures "being lower than those of an engine with no cowling, 
indicating either that the cowling directed more air past 
the cylinder heads or that the direction of the air flow 
was changed in such a manner as to give increased cooling. 
When a ring cowling is used over an inner * cowl ing the di- 
rection of the air flow is more nearly parallel with the 
fins than when no ring cowling is used. The cylinder-head 
temperatures have "been found to be slightly higher with a 
ring cowling than with no ring cowling. (Reference 4.) 

The quantitative effect of directing the air at dif- 
ferent angles can not be obtained from the cowling test 
data becpAise there are other variables, such as the air 
velocity between the cylinders and the power output, that 
ihflxience the results. It would also be difficult to de- 
termine the exact angle of the air stream with respect to 
the plane of the fins. 

The object of the present investigation was to deter- 
mine the temperature distribution in and the heat dissipa- 
tion from a cylindrical finned surface for various fin- 
plane/air- stream angles. The finned specimen was tested 
in a wind tunnel over a large range of air speeds and heat 
input s • 

APPARATUS 



In order that the results might be of greatest prac- 
tical value the finned specimen was designed to simulate 
closely the air-flow and heat-flow conditions obtained in 
an engine. A cylindrical specimen with circumferential 
finning was selected. 

A heating unit of resistance wire embedded in refrac- 
tory cement was placed in the cylinder to supply the heat. 
The heat input could be easily regulated and measured and 
the capacity was sufficient to give the temperatures de- 
sired. In the construction of the unit great care was ex- 
ercised to obtain uniform heating and electrical insula- 
tion. that would not disintegrate at high temperatures and 
to have the cement in close contact with the element wire 
at all po int s • 
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The, finned specimen used in these tests was cut from 
the oarrel of a Wright J-5 engine -cylinder and had a -diam- 
eter of 4.5 inches. The fins, of 0.3- inch pitch were ma- 
chii:ed to a width of 0.6 inch, the. width- of the smallest 
fin on the original J-5 cylinder. The . enamel v/as removed 
Trofa. "the cylinder and the tests were conducted with the. 
surface in a s e.mipol i shed state. 

The construction of the heating unit as. assemlDled in 
the test specimen is shown in Figure 1. The core was made 
from a 3 . 5- inch-diame t er tuhe inside of which were welded 
two webs. In the center of the wehs was located a 0.7 5— 
inch-diameter tuhe for supporting .the specimen. Small 
holes were drilled in the -surface of the large tuhe to pro- 
vide a "bond for the cexnent and to allow the moisture in the 
cement to escape. Parallel annular grooves of 0.25- inch 
diameter were cut in the cement for locating the heating; 
coils» The coils were constructed hy winding nichrome 
wire of 0.05-inch diameter in coils of 0.13-inch pitch and 
0.25-inch diameter. A method of cr>oss.ing the coils from 
one groove to the next was adojjted wherehy the amount of 
wire per unit area of cylinder .surface was quite uniform. 
After the coil had "been wound on the. cemented core another 
layer of cement was added, making certain that no voids ex- 
isted hetv/een the wires. A. j ig .was then used to center ac- 
curately the heating unit in the cylinder, and the space 
"between the cemented element and the cylinder wall was 
filled with cement. The cement was forced into this space 
with a hydraulic press sjo as to eliminate air pockets. The 
elimination of all air pockets around the coil is very im- 
portant "because if there is not good thermal contact, "be- 
tween the wire and the cement the temperature of the wire 
will he excessive and its current- carry ing capacity will- 
he r ec^uced. 

Guard rings were placed on each end of the test spec- 
imen to decrease the heat flow through the ends and also 
to ohtain 2-dimens ional air flow over the specimen. The 
guard rings are shown assembled in place on t?ie test srjec- 
imen in Figure 1. These guard rings were in all respects 
like the test specimen except that they xieve shorter and 
had one heating coil each instead of two coils connected 
in parallel. A l/32-inch thick asoestos gasket was placed 
between the guard rings and the test specimen. 

In the first part of the test, large copper conduct^ 
ors insulated with mica were used to supply current to the 
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resistance wire» This construction was not satisfactory 
because the temperature within the heating unit was hi,^'h 
enou^s'h to soften the copper and to disintegrate the mica. 
These difficulties were, ohviat ed "by the use of conductors 
of mojiel and nichroine metal insulated with porcelain. Aft-- 
er continued use the mon^l metal scaled "between contacting 
surfaces causing a large increase in circuit resistance. 
This difficulty was eliminated hy welding all monel metal 
connections. 

The heat input to the main specimen, like that to the 
guard rings, could he conveniently regulated "by means of 
rheostats. The rheostats were made of nichrome wire mounted- 
on a frame submerged in oil. Three of these rheostats wore 
used so that the heat input to each guard ring and to the 
specimen could he separately controlled. A wiring dia^gram 
for the heating unit, rheostats, and instruments is shown 
in 7i{;ure 2. 

A 3C*-inch clo sod- throat wind tunnel was constructed to 
supply the cooling air. The exterior of the entrance cone 
and test chamber of the wind tunnel and the rheostats are 
shown in figure 3. A sketch of this tunnel with the prin- 
cipal dimensions is shown in Figure 4. The air enters the 
entrance cone through a small-tube honeycomb. Care was ex- 
ercised in the desicn of this tunnel so as to produce an 
air stream as nearly nonturbulent as was reasonably pos- 
sible. Accordingly, the ratio of entrance cone area to 
throat area is large and the entrance cone is short com- 
pared to the exit cone which has a more gradual increase in 
area.. The resulting flow conditions are considered satis- 
factory. A 5-foot 4-blade . propeller is used for circule.%- 
inj the air. The propeller is driven through a V-belt 
drive by an electric dynamomoter. An air speed of 200 miles 
per hour has been obtained in this wind tunnel at a propel- 
ler speed of 2,200 r.p.m. with a power input of 60 hp. 

The method of mounting the test specimen and guard 
rinc;s in the tunnel is shown in Figure 4. The test speci- 
men and guard rings are bolted together on a mounting tube 
which is bolted to a semicircular ring. The f in-plane/air- 
strean angle was varied by changing the position of the 
mounting tube on this semicircular ring. To one of the 
guard rings was fixed a bullet-nosed fairing which provided 
-smooth flow when thd axis of the specimen was nearly paral- 
lel with the air stream. 
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Two dxiplex recording pyrometers in conjunction with 24 
ir on- constantan thermocouples were used for measuring the 
t emj; eratur es at different points on the test specimen-. A 
..complete set of readings was obtained every I-1/2 minutes. 
The instruments were automatically compensated for cold- 
junction temperature change. The thermocouple junctions 
were constructed by the spot welding of 0.013-inch thermo- 
couple wires to the cylinder surface. The thermocouple 
wires were led directly away from the cylinder surface to a 
terminal hoard mounted in the rear of the cylinder in such 
a manner as to offer the least ohstruction to the air stream. 
Elastic hands were fastened near the ends of these wires to 
keep them taut and free from wind disturbances. 

A differential thermocouple was used hetv/een each gua.rd 
ring and the test specimen to indicate the temperature dif- 
ference between the adjacent surfaces. These thermocouples 
were connected to sensitive galvanometers^ 

A triple-scale ammeter and voltmeter were used .to meas- 
ure the electrical input to the test specimen. 

The air speed was measured by means of a Pitot tube in 
conjunction with a water manometer. The Pitot tube v;as lo- 
cated to one side of the test specimen and sufficiently far 
ahead that the presence of the specimen had no measurable 
effect on the precision of the reading. 



TESTS 

Tests were conducted with fin-plane/air- stream angles 
of 0^, 150, 30^, 45^, SO^, 75^, and^QO^ at several heat in- 
puts ranging from a minimum of 13 to a maximum of 248 3.t.i\. 
per square inch of inner surface per hour at a constant air 
speed of 76 miles per hour. Tests were also conducted at 
the same angles, at a constant heat input of 107 B.t.r.. per 
square inch per hour and at several air speeds from oO to 
150 miles per hour. Additional tests wero made to obtain 
the air-flow patterns between the fins and around the cyl- 
inder for the 0^ and 45^ fin-plane/air-stream angles at an 
air speed of 76 miles per hour. 

No readings were taken until all the cylinder temper- 
atures had reached a constant value and the temperature of 
a point on the circumference of the test specimen near the 
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guard ring. was within 2° 5". of that of the corresponding 
point on the guard ring, uhich required approximately one 
hoij.r. The average c^-linder temperatures referred to in 
this report v;ere ohtained hy plotting the circumferential 
t emperatxir es in the form of a polar graph and "by determin- 
ing the radius of the circle having an equivalent area# All 
cylinder temperatures have "been corrected to a cooling air 
temperature of F. . . 

PRECISICIT 



Although the temperature of the outer Trail of the test 
specimen .was approximately the same as the temperature of 
the Quter wall of the guard rings at adjacent points, the 
difference in t emperatur e ins ide the test unit Tras appre- 
ciahle. Computations made on the "basis of measured tem- 
perature differences indicate that with a heat input of 107 
3,t,u. per square inch per. hour and an air speed of 76 
miles per hour, the heat loss to the guard rings is approx- 
imately 6 per cent. This error should not affect the com- 
parative value of these tests since the loss would prohahly 
he ahout the same for each fin-plane/air- stream angle. ITo 
attempt was made to correct for this error because the cor- 
rection would he only an approximation. In tests on other 
finned specimens, the resiilts of which will he published 
later, the error has heen greatly reduced hy tiie use of 
separately controlled heating elements in the end of each 
guard ring next to the test specimen. 

The thermocouple wires were of very small diameter and 
consequently carried away a negligible quantity of heat. A 
test with a thermocouple mounted on the cylinder barrel 
showed that bringing the thermocouple wires straight out 
from the hot junction or keeping them in contact with the 
c^'^linder surface for about three inches but insulated elec- 
trically from the cylinder gave the same reading. Any 
change in the length of the therm-O c o\ip 1 e leads had little 
if any effect on the measurements, because the pyrometers 
had resistances of 224 to 232 ohms. The precision of tno 
temperature measurements is within +5^ P. 

The ammeter and voltmeter used in mcas\iring the elec- 
trical input each had a precision of C.5 per cent of full- 
scale deflection. The maximum error at the minim.um input 
of 70 3,t,ii, per sqi^are inch per hour is approximately 3 
per cent. 
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The air-speed measurements are "believed to "be pre- 
cise within + 1 per cent. A velocity survey of the tun- 
nel throat showed a uniform air speed over the entire area 
except at positions close to the walls. 

RESULTS AND DISCUSSION 



The circumferential temperature distrihut ion obtained 
at 0^ fin-plane/air-stream angle for the test specimen that 
was used in these tests is compared in "Piisure 5 with the 
temperature distribution obtained on the lower part of the 
barrel of a cylinder of the same design under engine oper- 
ating conditions and without cowling. The similarity of 
the curves indicates that the heat flow through the cylin- 
der and air-flow conditions are commensurate. 

The three groups of curves in Figure 6 show the effect 
on cylinder temperatures of varying the angle of the air 
stream with respect to the fins at several different air 
speeds ranging from 30 to 150 miles per hour and at a con- 
stant heat input of 107 B.t.u. per square inch per hour. 
The curves show that considerably better cooling is ob- 
tained when the air is directed at an angle of approximate- 
ly 45° with respect to the fins than is obtained when the 
air stream is perpendicular or parallel to the fins. At 
the low air speeds the range of the angle that gives the 
best cooling is from 40° to 55° and at the high velocitiec5 
it is from 30° to 80°. The range of these angles is based 
on the rear-cylinder temperatures, because they are high- 
est and are therefore given the most consideration. 

When an air stream having a speed of 30 miles per 
hour is directed at the best angle with respect to the fins 
the reduction in temperature compared with parallel air 
flow is 115°. 1270, and 175° F. for the front, rear, and 
side, respectively; whereas, for an air speed of 150 miles 
per hour the reduction is 73°, 50°, and 67^ for the same 
points, respectively. More complete data on these temper- 
ature reductions are given in Table I. As the heat input 
for the two conditions is the same the t es t- sp ec imen tem- 
peratures for the low velocities will be the highest; con- 
sequently, the reduction in temperature caused by directing 
the air at the best angle is greater at the low air speeds. 
On a percentage basis, however, the reduction in the tem-^ 
perature difference between the specimen and cooling air at 
30 miles per hour amounts to 42, 31, and 42 per cent for 
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front, rear, and side, respectively, and at 150 miles per 
hour the reduction amounts. to 51, 29, and 43 per cent for 
the same points, respectively. No-te that in front the ro*- 
duction increases with air speed, ^vhereas for the rear and 
side the percentage reduction is roU(_:,hly the same for all 
sp eeds • 

Fi/^ure 6 shows that the temperatures in the 90^ po- 
sition are practically the same as in the 0^ position. 
That these temperatures are practically the same indicates 
that there must he cons iderahl e turhulence "betv/een " the 
fins when the air is directed perpendicular to the fins. 
\Tith the sx'ecimen in the 90^ position the temperature in 
the front, rear, and side should he the same if the nir 
flow is jj erp endicular ' 1 0 the fins. In these tests there 
was a difference in temperature at these points indicatin^^' 
that the c^ir stream was not exactly perpendicular to the 
f ins • 

The cooling is improved with oblique air flow, because 
the scouring action is greater than with parallel air flow. 
Air is an excellent heat insulator, consequently it is nec- 
essary that the "boundary layer he rediTced to the minimum 
thickness to obtain the best cooling. The cooling may al- 
so be improved because the cylinder forms an elliptical 
section at angles between 0^ and 90^ v/ith respect to the 
air stream, resulting in more of the cooling area coming, 
in contact with the air stream. 

More complete data on the heat distr ibiit ion with par- 
allel, perpendicular, and oblique (45^) air flow at air 
speeds of 76 and 150 miles per hour are shown in Figure 
Note that the temperatures with parallel air flow are high- 
er at some points than the temperatures with perpendicular 
air flow. These curves show more clearly than the curves 
in Figure G the lach of uniformity of temperatures for the 
90^ p OS it i on - owing to the fact that the air strea.m is not 
exactly perpendicular to the fins. 

The m.aximum and minimum t vomperatur es at various heat 
inputs, at 0*^, 45°, and 90° angles, and at a coixstant air 
speed of 76 miles per hour are shown .in Figure &. Within 
tne range of these tests the t es t- 37:^ oc imen temperatures 
varied directly with' the heat input. 

Figure 9 sl.ows the variation of the heat- transfer co.- 
efficient Ub at variou.s air speeds and at several dif- 
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ferent fin-plane/air- str earn angles. This coefficient is 
the nurnher of B.t.u. dissipated per square inch of inside 
wall area per hour per degree temperat-ure difference. 
Note that the greatest quantity of heat is carried away 
for angles of from 30^ to 45^ and the least heat for an 
angle of 90^ at the low air speeds. 

Patterns of the air flow around the cylinder at an 
air speed of 76 miles per hour are shown in ^Figure 10. 
These patterns were obtained hy clamping a guard ring to 
the test section having the adjacent end fins painted with 
lamphlack and kerosene and testing the assembly at the 0^ 
and 45^ positions. A photograph of the flow in the vicin- 
ity of the cylinder is included. This pattern was produ.ced 
on a flat, polished, aluminum plate inserted "between the 
guard ring and the test section. 

The position on the cylinder where the flow "breaks 
away is clearly defined in these pictures. This position 
is about 100^ from the front of the cylinder for the 0^ fin- 
plane/air- stream angl-e. This breakaway also occurs on the 
windward side of the fins for the 45^ angle at about 115^ 
from the front of the cylinder. The existence of dead-air 
regions at the front and at the breakaway positions is 
proved by the increase in temperature at these points as 
showj"- in Figure 7. 

THien applying these test results to aircraft engine 
cylinders under flight conditions it should be remembered 
that the results presented were obtained under the condi- 
tions of air flow in the wind tunnel. Because of the tur- 
bulence set up by the revolving propeller in flight the 
quantity of heat dissipated by varying, the fin-plane/air- 
stream angle may be different than the wind-tunnel tests 
indicate. The cowling over the forward part of the crank- 
case of a great many engines does effect a nonparallel flow 
over the fins of the cylinders. Any improvement to be 
gained vrould depend entirely upon the previous direction of 
flov:» In a r.ecent cowling investigation in which a cowling 
was designed to give obliquely directed air over the cylin- 
ders, the cylinder temp.eratur.es were appreciably reduced by 
the use of this cowling. 
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COIJCLUSIOIIS 



The results of these tests show: 



1. That the "best • an5::s'le 
with respect to the cylinder 
dependent of the air speed. 



to direct the 
fins is a "bout 



cooling air 
45^ and 



IS m- 



2. That the temperature difference "between the fin:.ied 
cylinder and the air stream for a given heat input is re- 
duced 30 to 50 per cent with a f in-plane/air- s tr earn ^Aigle 
of 45^ as compared with parallel air flow. The amount of 
the reduction depends on the velocity and the position on 
the cylinder. With the same average cylinder 
the total heat input to the cylinder can "be ii 



per cent with a fin-plane/ air- str earn angle of 
pared with air flow parallel with the fins. 



t em]p eratur o 
icreased 50 
45^ as com- 



3. That the quantity of heat dissipated is propor- 
tional to the temi^erature difference. 



Lanc;lcy Kemorial Aeronautical Lahoratory, 

ilational Advisory Committee for Aeronautics, 
Langley ?ield, Va., July 29, 1932. 
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TABLE I 



CYLINDEE TEMPEBATUEE DATA 



Air- stream 
velocity 



Finned 
spec iraen 
t emp er- 
atur es 
with 

parall el 
air flow 



Temper- 
ature with 
"best fin- 
plane/ air- 
stream 
angl e 



Specimen 
t empera- 
ture with 
parall el 
air flow 
less room 
t empera- 
t-are of 
80^ F. 



Differ- 
ence "be- 
tween speci- 
men tempera- 
ture with 
parallel air 
flow and with 
"best fin-plane/ 
air- stream 
angle 



P ere ent age 
r educt ion 
based on 
maximum 
possible 
r educt ion 



m. p . h . 



Rear 



30 
60 
90 
120 
150 



490 

355 
295 
263 
2 50 



363 
260 
225 
207 
200 



410 
275 
215 
183 
170 



127 
95 
70 
56 
50 



31.0 
34. 5 
32 . 5 
30.6 
29.4 



Fr ont 



30 
60 
90 
120 
150 



357 
275 
243 
232 
223 



240 
187 
168 
158 
150 



277 
195 
163 
152 
143 



117 
88 
75 
74 
73 



42.2 
45. 1 

46 

48.7 

51 



Side 



30 
60 
90 
120 
150 



495 
315 
265 
245 
237 



320 
235 
205 
186 
170 



415 
235 
185 
165 
157 



175 
80 
60 
59 
67 



42 .2 

34 

32.4 
35. 8 
42 .7 



> 
> 




Resi stance wire ^ 

0.6 width 

Y\<g.\ Details of construction of test unit. crq 
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Fig. 2 



^ Di fferential the r mo c oupl e s 




230 volts d,c< 



]?ig,2 Wiring diagram of test unit, rheostats, and instnjments. 



3 Arrangement of the irtnd tunnel, rheostats, and instruments. 






Comparison of the circumferential temperatures of 
the test specimen at 76 m.p.h. and at a heat input 
of 107 B.t.u. per sq. in. per hour with those of the low- 
er part of the barrel of a J-5 engine cylinder at 80 m.p.h. 
and at full-throttle condition. 











• 








CO 
CD 




Fig. 7 Circmferential temperature distribution at 76 and 150 m.p.h. 

with a heat input of 107 B.t.u. per sq. in. per hour at fin- 
plane/air stream angles of 0°, 45°, and 90°. 
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Hear of cylinder 
600| \ \ ! r-" 




lOC- 



0 20 40 60 80 100 

Pin-plane/air stream angle, degrees 



-Fig. 6 The effect of f in-plane/air stream angle upon the temperature of 

the rear of the cylinder at a constant heat input of 107 S.t.u. 
per sq. in. per hour and at various air speeds. 

(Continued on next two pages) 
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Pig. 6 
(Cont.) 



600 



Front of cylinder 



500 



400 



f 

0 

EH 



300 



100 




200 — 



Fin-plane/air stream angle, de^-rees 



Fig. 6 The effect of fin-plane/air stream angle upon the temperature of 
the front of the cylinder at a constant heat input of 107 B.t.u, 
per sq. in, per hour and at various air speeds. 

(Continuation of Fig, 6) 
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(Cone.) 




Fig. 5 The effect cf fin-plane/ air 
the side of the cylinder at 
per sq, in per hour and at various 



stream angle upon the temperature of 
a constant heat input of 107 B.t.u. 
air speeds. 



(Conclusion of ^'ig.S) 




Fig. 8 The variation of inaxiiiiuj.r. and minimuni cylinder temperatures with 

different heat inputs at C^, 45*^, and 90^ angles and at a constant 
air speed of 76 m.p.h. 
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Fig. 9 




Fig. 9 The effect of air speed on the heat transfer coefficient U^^ at a 
hoat input of 107 B.t.u. for several fin-plane/ air -stream angles. 



til 

Alr-^stream direction 




»4 

Fig. 10 Air-flow patterns at 76 m.p.li. 

(Contlnaed on next two pages) o 



Air- stream direction ^ 

o 




fig. 10 llr-flow patterns at 76 m.p.h. 
(Continuation of Tig« 10) 
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Fig. lO(cont) 



Air-stream direction 



i 




Flow around cylinder at 0^ angle 



Pig. 10 Air- flow patterns at 76 m.p.h* 
(Continuation of Pig. 10) 



